ABSTRACT An experimental study is carried out to assess the effect of temperature on the conversion efficiency of ultrahigh-frequency energy harvesters based on diode-capacitor Dickson charge pumps, frequently used in self-energizing circuits, such as in radio frequency identification tags or in wireless sensor nodes. Using off-the-shelf Schottky diodes often adopted for this application, it is shown that the harvester conversion efficiency at 868 MHz is temperature dependent due to the changing rectification ratio, namely the ratio between the forward and the reverse current flowing through the low barrier height Schottky diodes, which both show a positive derivative with T. The experimental study, supported by SPICE simulations, has shown that a temperature variation might be particularly harmful at the lowest incident power regimes, when even a minimal drop in the conversion efficiency might determine the out-of-servicing of a wirelessly energized circuit.
I. INTRODUCTION
The growing interest for the development of wireless sensors and Wireless Sensor Networks (WSNs) is strongly motivated by the huge number of new applications that they could trigger in several contexts, from intelligent living ambient to medical monitoring, from military applications to wild environment control and preservation.
In general, these devices are characterized by low bitrates, volume constraints for the nodes and sub-milliwatts average power consumption. Their deployment is however strongly limited in many contexts by the use of electrochemical batteries, which limits the sensor lifetime. However, the low power requirements of these devices would allow, at least in some cases, the possibility of powering the nodes by scavenging ambient power from the surroundings [1] - [8] . This can potentially extend the lifetime of a sensor to infinite duration and reduce the maintenance costs associated with battery-operated devices.
Among the most common mean of wireless energization, harvesting of energy spread around by antennas that emit radio waves at communication wavelengths is very often used, e.g. by radio-frequency identification (RF-ID) platforms. In these cases, an operating distance of a few meters from the transmitting antenna is normally required, which usually translates into harvested powers that are well below 0 dBm. An RF energy harvester generally consists of a so-called rectenna, namely a receiving antenna coupled to an ac-to-dc rectifying circuit. A simple matching network, generally consisting of a capacitor and/or an inductor, is often positioned between these two sections.
The core circuit of these high-frequency ac-dc converters is normally a diode-based rectifier, coupled to a low pass filtering capacitor. Instead of p-n junction diodes, Schottky diodes are by far the most preferred in these circuits for their low threshold voltage, which allows to save as much as possible of the amplitude of the input signal, and for the low parasitic capacitance, allowed by the virtually zero by-pass diffusion capacitance.
One of the most common rectifying topologies is the Dickson stage [9] , a charge pump schematically shown in Fig. 1 . Beside its relatively high efficiency, this circuit features a simple topology allowing easy multi-stage configuration, which is fundamental to get the desired output voltage level when dealing with very low input signals.
The performances of this simple circuit have been accurately studied [10] - [12] , and also recently it has been considered as the main building block of high efficiency RF-DC rectifiers, either circuit board mounted or fully integrated [13] , [14] .
However, as already shown through simulations in [15] for a p-channel MOSFET voltage multipliers, the performances of charge-pump based RF harvesters are affected by temperature. This might be particularly harmful at the lowest incident power regimes, when even a minimal drop in the conversion efficiency might determine the out-of-servicing of a node.
In this paper, we present the full experimental characterization of a standard Dickson harvester designed for UHF applications, operated in the temperature range from 25 • C to 85 • C, considering an incident RF power of -30 dBm to 0 dBm. We provide a justification of the experimental results, analyzing in particular the role of diodes, whose characteristics are well known to be strongly temperature dependent. The circuits are based on a popular Schottky diode, the HSM2852 [16], a silicon device specifically designed for small signal applications at frequencies below 1.5 GHz, commonly used for RF energy harvesting circuits mounted on printed circuit boards [13] , [17] - [19] . A parallel characterization was also carried out on another commercial device [20] , and the results are compared.
The paper is organized as follows: Section II describes the reference circuit used in this study, the experimental set-up and the measurement methods. Section III reports about the experimental results on the conversion efficiency and their analysis at f = 868 MHz, over the anticipated temperature and input power ranges. In Section IV, SPICE simulation results are shown for a simple configuration and compared to measurements to provide a better interpretation of the observed phenomena, while conclusions are drawn in Section V.
II. REFERENCE CIRCUIT OPERATION AND EXPERIMENTAL SETUP
When a sinewave V i = V M sin(ωt) is applied to the input of the basic cell of a Dickson charge pump (DCP), shown in Fig. 1 
For the correct operation of a Dickson cell, a few rules of thumbs need to be fulfilled, among which: 1) the diodes must be low voltage drop (V d ) ones to allow the highest output voltage;
2) they must have a low DC reverse current I rev in order to avoid, during phase 2, a parasitic path toward ground for the charge accumulated on C 1 ;
3) at the operating frequency of the circuit f = ω 2π , their parasitic capacitances, namely the junction capacitance C j and the diffusion capacitance C diff , should provide a negligible by-pass path for current; 4) the current drawn by the load R should be low enough to allow the full charging of C 2 .
Beside these simple rules, several others could be mentioned, among which an appropriate RF design of the circuit and an effective impedance matching between the source (antenna) and the charge pump [21] .
Requests 1 and 3 generally imply the use of silicon Schottky diodes, which are known to show a V d as low as 0.2 V, and C diff = 0 due to their inherent majority carrier-based working principle. Request 2 would in turn call for the use of p-n junction diodes. Some (or all) of these characteristics are however more or less temperature dependent. In particular, V d and I rev certainly are, being to a first approximation [22] :
and
where T is the absolute temperature, k is the Boltzmann constant, q is the electron charge, η is the ideality factor, I D is the forward current, I rev the reverse saturation current, A is the junction area, R * * is the Richardson constant and b is the Schottky barrier height. In order to highlight the effect of temperature on the performances on a DCP, experimental measurements were carried out on a 2-stage DCP circuit as that depicted in Fig. 2 . For a careful interpretation of results, it should be considered that diodes are nonlinear devices, and therefore the DCP is a nonlinear circuit. It turns out that its input impedance varies with the input power, and the reflected power also varies accordingly. For this reason, an extensive set of measurements was carried out in this study to extract the DCP conversion efficiency calculated with respect to the net RF input power at its input end. This novel approach allows to obtain information about the quality of the rectifier regardless of the impedance mismatch with the RF source, e.g. the receiving antenna.
The sample charge pump was realized on a flexible 0.8 mm thick FR4 printed circuit board, with the layout shown in Fig. 3 . The capacitors, with a value of 10 pF chosen in agreement with previous studies [13] , [23] , are low Equivalent Series Resistance (ESR) ones, with a maximum temperature coefficient of ±30 ppm/ • C [24] . This stage is in fact the front-end between the antenna and other similar stages put in series to boost the output voltage. For this reason, it handles the weakest signals within a multi-stage configuration and is therefore a sort of bottleneck for the whole circuit.
A schematic representation and a picture of the experimental setup are shown in Fig. 4 and Fig. 5 respectively. It consists of a Vectorial Network Analyzer (VNA -model Agilent Technologies E5071C), a Semiconductor Parameter Analyzer (SPA -model Agilent 4155C), and a controlled thermostatic oven (Galli G210F030P) for the setting of the reference temperature.
A precision 50 RF cable connects the VNA to the Dickson harvester input via a feed-through hole of the oven. The DC output of the harvester is connected to the SPA. The VNA was properly calibrated before starting the measurements, shifting the reference plane to the input of the DCP. The measurement procedure consisted of the following steps. First, while holding the DCP output at fixed voltages (from 0 V to 2 V in steps of 100 mV), the |S 11 | parameter was measured with the VNA, at 500 different input power levels, from -30 dBm to 0 dBm. This characterization is essential for a correct evaluation of the subsequent measurements. In fact, due to possible impedance mismatch and attenuations effects, the power actually delivered to the DCP, P in,actual , will be quantified as [25] :
where is the reflection coefficients and P in , feed is the power fed by the VNA. For the used configuration, the reflection coefficient is coincident with |S 11 |. Afterward, the VNA RF output power, P in,feed , was set to −20 dBm and the I-V output characteristic of the DCP was registered by the SPA. The measurement was repeated for P in,feed in the range −20 dBm to 0 dBm, in steps of 5 dBm.
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The whole set of measurements was repeated at four temperatures, namely 25, 45, 65 and 85 • C.
Finally, by calculating, as hereafter detailed, the power actually delivered to the Dickson charge pump, P in,actual , the net conversion efficiency of the circuit was calculated.
III. EXPERIMENTAL RESULTS
The collected values of |S 11 |, measured at the four temperatures, are shown in Fig. 6 . Each curve is obtained at a specific output voltage V out for the DCP, from 0 V to 2 V, in steps of 100 mV. We note that the reflection coefficient decreases with temperature, which means that a better coupling between the RF source and the DCP is obtained. We anticipate, however, that, in spite of the better RF coupling, the conversion efficiency of the DCP made with HSM2852 is in fact decreasing, due to the worsening of the diode characteristics and in particular of the rectification ratio. The measured output I-V characteristics of the DCP are shown in Fig. 7 at four temperatures and five input power levels, P in,feed . These curves summarize the characteristic of the DCP seen as a dc power source. They notably recall those of a photovoltaic generator under variable illumination, and easily allow the determination of the maximum power point, i.e. the maximum power that can be delivered to a load, at each RF input power level.
In order to make clearer the effect of temperature, the superposition of the 25 • C and 85 • C curves is presented in Fig. 8, showing that the open circuit voltage (V oc ) remarkably decreases as temperature increases, while the short circuit current (I sc ) increases. The above results, however, are certainly affected by the variability with the changing impedance mismatch, and consequently changing power reflection, at the input side, as anticipated in Fig. 6 . As the impedance mismatch issues can be mitigated by adding a matching network [23] , [26] , in our work we aimed at characterizing rather the DCP circuit alone, i.e. excluding the role of the source-to-DCP coupling.
The curves of Fig. 7 were therefore paired with those of Fig. 6 and data elaborated in order to highlight the temperature effects on the efficiency of the charge pumping circuit. This efficiency was calculated as in (4)
where P out,MPP is the output power at the maximum power point and P in,actual is the net RF power actually delivered to the DCP circuit. The calculated η DCP is reported in Fig. 9 (symbols) as a function of P in,actual , with the solid lines a polynomial interpolation of the calculated values. It can be seen that the conversion efficiency is strongly power dependent, dropping from 37% to zero when P in,actual goes from −2 to −35 dBm. Additionally, it is clearly temperature dependent, and gets worse as temperature increases, especially at the lower received RF power. For example, at −20 dBm the efficiency η DCP is 12% at 25 • C and 4% at 85 • C. At −30 dBm, which falls within the usual range of power levels in RF energized systems [13] , [27] - [29] , it even drops to nearly zero as temperature reaches 65 • C. The same figure also reports, for comparison, the conversion efficiency of the whole harvester, η TOT , (dashed lines) defined as:
as a function of P in,feed , i.e. the total power fed by the RF source, namely the VNA. The graph shows that in this case the highest efficiency is reached at the two highest temperatures (65 • C and 85 • C), although it is always well below η DCP . This result implies that the power reflection at input, which strongly degrades the harvester efficiency at all temperatures, in fact decreases as T increases, as already argued from Fig. 6 . A different Schottky diode type, namely the SMS7621 [20] , was considered for comparison. A 2-stage Dickson charge pump was therefore realized and characterized, using the same setup.
A comparison between the measured efficiency of the two DCPs at three different input powers (−25, −20, −15 dbm), and at 25 • C and 85 • C, is summarized in Table 1 . As explained above, the reported η DCP takes into account the power actually delivered to the DCP, calculated using (3) and the measured |S 11 |. The comparison shows that, while the HSMS285-based DCP behaves much better than the SMS7621-based one at room temperature, the latter gains in efficiency as temperature increases. As will be shown in Section IV, in fact the SMS7621 starts from a two orders of magnitude smaller reverse saturation current at T = 25 • C, and therefore the impact of temperature on its rectification ratio is lower than in HSMS285. The resulting improvement in its efficiency is therefore mainly due to the lowering with T of the diode threshold voltage in the forward bias regime.
IV. SPICE SIMULATIONS
For a better understanding of the observed phenomena, transient SPICE simulations were carried out of a 2-stage Dickson rectifier (Fig. 2) , based on LTspice [30] . V s is the RF source (f = 868 MHz) with an internal impedance R s = 50 . The four capacitors C1-C4 have a capacitance of 10 pF. According to the behavior shown in Fig. 6 , the load is a resistor R chosen each time to have the harvester work in its maximum power point. In Fig. 10 , the experimental I-V characteristics at 25 • C and 85 • C (solid line) are compared to those predicted by the simulator (dashed line), with the diode model parameters obtained from the HSMS285 datasheet [16] .
The model and experiments are in good agreement for forward bias at room temperature. In particular, the provided parameters do not allow to take into account the voltage dependent reverse bias current, which is instead evident in experiments. This is explained considering that, in the reverse bias region that precedes the setting up of the junction breakdown, the standard diode model assumes the reverse current constant with V d and coincident with the VOLUME 6, 2018
temperature-dependent saturation current I s (T ), calculated as [31] :
where, T 0 = 300 K is the parameter extraction temperature, T the actual device temperature, and k is the Boltzmann constant. The SPICE parameter values of (6) , namely the saturation current IS = 3 × 10 −6 A, the saturation current temperature exponent XTI = 2, the emission coefficient N = 1.06 and the activation energy EG = 0.69 eV, are all provided in [16] . A shunt resistor is not included in the standard SPICE model, and is therefore not provided in [16] . However, it can be introduced to account for a current slope also in reverse bias. By placing a resistor R sh = 24 k in parallel with the diode, a simulated characteristic very well matching the experimental one is in fact obtained both at 25 • C and 85 • C, in forward and reverse bias (Fig. 10) . Beside this, model and experiments show a reverse current that strongly increases with T , leading soon the device to fail, at least in part, in its current blocking role during the reverse bias phases.
Also for the SMS7621, the experimental current-voltage characteristic and the SPICE model are in poor agreement with the datasheet model (Fig. 11) , with the latter again underestimating or overestimating the current respectively at 25 • C and 85 • C. To qualitatively show the impact of the temperature dependent reverse bias current on the circuit conversion efficiency, the simulated periodic evolution of the voltages appearing on D 3 and D 4 , when the RF input power at plane XX' is −20 dBm, are shown in Fig. 12 as an example, with the load R set at 30 k , a value that allows operation at the maximum power point. It can be seen that the two diodes are cyclically biased by the same waveforms, apart from a π phase delay. Note also that that the maximum forward and reverse biases are approximately 0.22 V and −0.12 V, respectively. Now, by comparing with the experimental I-V characteristics of Fig. 10 , it can be seen that the model-predicted reverse bias current at V d = −0.12 V will increase by almost two orders of magnitude at 85 • C. This will introduce a strong leakage of the charge accumulated on the two capacitors C3 and C4 during the two phases when D4 is expected to block the back-flow of charge from C4, and respectively D3 to open the path between C and B nodes (see Fig. 2 ) to allow C3 boost the output voltage.
In order to show the effects of diode model quality on the simulated harvester efficiency, the P in power at the DCP input (plane XX' in Fig. 2 ) and that dissipated on the load R, namely P load , were calculated by simulations at -20 dBm for the HSMS285-based DCP. The conversion efficiencies, calculated as P load /P in , are reported in Table 2 at the two temperatures, and compared to those obtained with experiments.
At 25 • C, a strong disagreement is found between simulations and experiments, with a simulated η DCP of 51% against the much lower measured value of 15% observed in Fig. 9 . The efficiency overestimation resulting from simulations is explained with the already highlighted strongly underestimated reverse saturation current provided by the model and flowing through the diodes when they operate in reverse bias (Fig. 10) . By including R sh = 24 k in the diode model to account for its leakage current, the calculated efficiency drops to a much more realistic 20%, as reported in Table 2 . At 85 • C, in spite of the divergence between experimental and modeled currents shown in Fig. 10 without the shunt resistor, the measured and simulated efficiencies disagree comparatively less (7% against 17%). This is due to the fact that, although at this temperature the diode model overestimates the reverse current, with its predictable negative effects on efficiency, at the same time the forward current is also overestimated (see Fig. 10 ), which in turn brings positive effects on the circuit simulated behavior. Note that in this case, because of the higher reverse saturation current, the shunt resistor has no impact on the overall conversion efficiency.
A positive temperature coefficient for η DCP was instead reported in [15] , where the behavior of a MOSFET-based voltage multiplier for RF energy harvesting is studied by ADS simulations. Of course, at a physical level, temperature acts on MOSFETs differently than on diodes. In [15] , the p-MOSFET threshold voltage V th linear decreases with temperature by a factor α T = 0.6 mV/K, approximatively resulting therein in a 7% increase of the normalized conversion efficiency for T in the range 25÷85 • C. A compensation scheme for V th was also proposed in that study to stabilize the circuit performances, a difficult task for a diode-only based DCP.
In principle, the temperature dependence of the capacitances C1-C4 should be also considered in simulations. However, the anticipated small temperature coefficient of ±30 ppm/ • C [24] (Section II) has in fact no effects on the circuit operation and can be therefore neglected.
V. CONCLUSION
An experimental study on the effects of temperature on the conversion efficiency of Dickson charge pumps used in energy harvesting rectennas has been presented. Measurements were designed to exclude the role of the temperatureand power-dependent impedance matching between the source, namely the antenna, and the ac-dc converter. Supported by SPICE simulations, the experimental study has shown that temperature can have a significant impact on the circuit efficiency, in the temperature range from 25 • C to 85 • C. In particular, the Dickson rectifying circuit showed a different behavior depending on the used diode type. In one case (HSMS285) the conversion efficiency drops from 15% to 7% with an input power of −20 dBm, and from 7% to nearly zero at −25 dBm. On the other hand, by using SMS7621 diodes, the conversion efficiency rises, in the same temperature range, from 4% to 8% at −20 dBm, and from 0.5% to 4% at -25 dBm. It has been shown that the behavior depends tightly on the diode reverse saturation current, which is particularly high in the low-barrier Schottky diodes typically used for these applications, and moreover shows a strong temperature dependence.
